3 spectrum. 3, 4 Fabrication of Schottky junction solar cells is straightforward with lead chalcogenide quantum dots (QDs): QDs deposited onto indium tin oxide (ITO) form an ohmic contact, and thermally evaporating metal electrodes form the Schottky junction. 5, 6 Early devices made with this structure typically resulted in a solar power conversion efficiency ranging from 1-2%, but would lose nearly all rectification after just minutes of air exposure due to oxidative doping. [5] [6] [7] [8] Smaller PbS nanoparticles (<3 nm diameter)
were found to overcome this extreme air sensitivity by forming different surface oxidation products due to their reduced faceting. 9 Recently, small PbS dots have been employed in more complex depleted heterojunction solar cell architectures. Photovoltaic devices with efficiencies reaching 5.1% have been achieved for PbS/TiO 2 nanocrystal devices, 10 and PbS/ZnO devices have demonstrated excellent stability for 1000 hours of continuous illumination in ambient air conditions. 11 These demonstrations of improved efficiency and stability motivate the further study of strongly confined quantum dots.
The power conversion efficiency of Schottky solar cells using PbSe quantum dots has typically been limited by low open-circuit voltages (<0.3 V), 5 due in part to the relatively small bandgap of the PbSe quantum dots. In equivalent cells, PbS nanoparticles have demonstrated higher open-circuit voltages than PbSe, but lower photocurrents. 6 PbSe devices tend to have higher photocurrent than PbS, most likely due to the 10-fold increase in the mobility. 12 Using a PbSe x S 1-x alloy proved to be one successful method to combine the best aspects of both materials, improving the open circuit voltage (V OC ) from 230 mV to 450 mV while maintaining a short-circuit current (J SC ) of 14.8 mA/cm 2 . 13 Similar performance (V OC = 440 mV) was achieved by incorporating PbSe
QDs into an excitonic solar cell structure, 14 
Results and Discussion
We describe here a new synthesis scheme producing strongly confined PbSe quantum dots with a diameter as small as 1 nm, and the effects of nanocrystal size on the photovoltaic performance of simple Schottky-type devices. In this study, we found that by varying the nanocrystal size, we can significantly increase the V OC from 480 mV to 600 mV, which is the highest reported for a PbSe Schottky device to the best of our knowledge. The best device had a power conversion efficiency of 4.57% with AM1.5
illumination, which we achieved using PbSe quantum dots with a bandgap of ~1.6 eV (~2.3 nm diameter). While increasing the bandgap of the QDs has increased V OC , it will eventually start to reduce J SC due to lost absorption in the IR portion of the solar spectrum. Thus, a fundamental tradeoff exists in finding the ideal PbSe QD size for optimal solar cell performance, but these effects have not yet been systematically investigated. Specifically, exploring the photovoltaic properties of ultra-small PbSe dots (< 3 nm in diameter) may reveal a simple way to increase the efficiency of nanocrystal solar cells without requiring more complex device architectures.
We successfully obtained monodisperse, ultra-small PbSe quantum dots using a onepot, hot injection synthesis, modified from previous methods. 16, 17 Classical nucleation theory predicts that an initial burst of nuclei occurs when the monomer concentration in solution reaches supersaturation. The subsequent growth of particles occurs as the remaining monomers diffuse to the newly formed nuclei. 18 Following this theory, the ultra-small size of the PbSe dots obtained with our synthetic method can be explained by the combination of three factors: (1) a highly reactive selenium precursor, (2) a lower concentration of oleic acid, and (3) a high concentration of lead monomer in solution during the growth phase. First, to nucleate small particles, a more reactive selenium precursor must be used to facilitate fast nucleation kinetics. 19 20 We chose the highly reactive bis(trimethylsilyl) selenide ((TMS) 2 Se) so that nearly all the selenium is used during the nucleation phase. 16 Reducing the oleic acid concentration makes the produced lead oleate monomer more reactive, also leading to faster nucleation kinetics. 21 The large excess of lead monomer maintains a high reactant concentration post nucleation, which keeps the reaction in a size-focusing regime due to the smaller critical particle size.
During the nanocrystal growth stage, the low temperature and limited Se supply left in the reaction solution hinders further growth and therefore restricts the final size of PbSe dots. 16 Our larger PbSe dots were obtained by adjusting the growth temperature from room temperature to 180 o C, which gradually increased nanocrystal size. Higher growth temperatures increase the critical nucleation concentration, limiting the number of initially nucleated particles and increasing the amount of monomer present during the growth process.
Transmission electron microscope (TEM) images of PbSe quantum dots grown at different temperatures were taken using a FEI Tecnai G2 S-TWIN, and are shown in Figure 1 with corresponding size histograms. Size statistics were measured from TEM images using ImageJ software assuming spherical particles. Image contrast decreases with particle size making good images difficult to obtain for very small particles. As a result, particle size distributions may be more narrow than reported due to image processing effects during analysis. confinement. The slight shoulder on the red side of the PL peak may be explained by the asymmetric distribution of particle sizes (histogram in Figure 1 ), but the exact shape of the PL spectrum may be distorted by the loss in efficiency of the fluorimeter past ~850
nm.
To investigate the effects of quantum confinement on the photovoltaic performance, we adopted simple ITO/PEDOT/PbSe/Aluminum Schottky junction device structure using PbSe nanocrystals as the only photoactive material. The photovoltaic performance of solar cells fabricated using the eight different sizes of PbSe quantum dots is shown in which may be a result of more interparticle hops needed for a photo-generated charge to traverse the cell, increased surface area, and/or increased depth of localized trap energies as the band edges move farther away with confinement. 33 An increase in trap densities and depths would also increase excess carrier recombination, reducing carrier lifetimes.
These effects work together to reduce minority carrier diffusion lengths ( ) and extraction probabilities, as any carriers generated outside the depletion region would have to diffuse to the region edge before recombining to be 12 efficiently extracted. 34 As a result, for two devices of equivalent film thickness, the photovoltaic device utilizing smaller PbSe quantum dots generates less short-circuit current. The overall efficiency thus peaks around a bandgap of ~1.6 eV.
To better understand the photocurrent in our devices, we measured the external quantum efficiency (EQE) of PbSe solar cells made with different sized quantum dots (see Supplemental Information). Figure 4 shows the EQE for the most efficient QD size, with the first exciton peak (measured in solution) at 1.6 eV. In contrast to other reports, 5 the EQE curves do not coincide with the absorption curves of the colloidal nanocrystals ( Figure 2a ): the excitonic absorption features are noticeably absent in the EQE curves. We find that the shape of the EQE curve can be well-described by a simple optical model accounting for the coherent interference in thin films due to Fabry-Pérot cavity modes within the thickness of the PbSe.
The accuracy of the optical model depends first on measured optical constants for each of the materials in the device. Spectroscopic ellipsometry was used to measure the optical properties of the film of QDs grown at 140 ºC immediately after exposure to air. The 14 complex refractive index of the QD film was extracted after fitting to a Forouhi-Bloomer model, 35 which agreed closely with other complex refractive index data measured in the literature. 36 The optical properties of ITO were described using a Cauchy fit, and Al by a Lorentz-Drude fit to measurements from Palik. 37, 38 The modeled structure consists of a semi-infinite layer of glass, 150 nm of ITO, varying thickness of PbSe, and 100 nm of Al.
The light is incident from within the glass layer. The calculations were done using the finite difference time-domain method (FDTD), and absorption in the PbSe layer was calculated directly from the electric field magnitude and refractive index according to P abs = ½ ε'' |E| 2 . The incident source is a plane wave, and simulations were done at discrete wavelengths across the spectral range where these PbSe QDs are active (400 -800 nm).
While this model is optical only and does not account for carrier collection, it is a reasonable method for calculation of the location of photocurrent peaks within the device, as seen from the agreement between the measured EQE curve and the simulated absorption profile in Figure 4a for a device thickness of 170 nm. Figure 4b illustrates the role of thickness of the PbSe layer in determining the shape of the EQE spectra. By varying the thickness in simulation from 140 nm to 300 nm, the absorption spectrum changes shape from one dominant peak around 550 nm to two dominant peaks. 
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The drop off in power conversion efficiency of UV photons seen in Figure 4a could be explained by limited charge transport, or by optical losses in the ITO layer. Other groups have also observed this phenomenon and attributed the low EQE to the recombination of excitons before diffusion to the depleted region. 5 Higher energy blue photons are typically absorbed near the ITO interface in the quasi-neutral region, and the photogenerated charges have to diffuse to the depleted region for efficient separation.
For films thick enough to absorb sufficient amount of light, these UV photons have a low probability of contributing to photocurrent.
Adjusting quantum dot size proved to be an effective approach to increase V OC in PbSe Schottky devices, and ultimately to improve their overall power conversion efficiency.
We observe that the best photovoltaic performance is achieved for devices using particles with the first exciton energy around 1.5~1.6 eV. Below this bandgap, higher photocurrent and fill factor can be achieved due to improved charge transport and enhanced absorbance, but the loss of V OC due to decreased bandgap has a more pronounced impact and the overall device performance suffers. Reduced absorption and the degradation in transport through a film of small particles place an upper limit on the bandgap, but the latter could potentially be overcome with better passivation and increased electronic coupling. In order to achieve the best device performance, we must choose quantum dots with an appropriate size to optimize the tradeoff between J SC and V OC .
Additionally, the strongly confined PbSe nanocrystals synthesized for this study may enable further investigation of the effects of nanocrystal size on carrier multiplication (CM). Some recent reports 39, 40 have concluded that CM is more efficient in nanocrystals than in bulk solids, though the photophysics of CM in QDs is still a subject of debate. 15 Enhancing CM may provide a promising way forward for QD solar cells, but Nair et al. argue that the real benefit will come from the increased photovoltage of the extracted carriers resulting from quantum confinement of a material characterized by efficient CM in the bulk. 15 There has not yet been an experiment demonstrating an improvement in the overall power conversion efficiency of a solar cell as a result of CM;
further experiments are needed to put the benefits of CM in perspective for photovoltaic device engineering.
In conclusion, we have developed a new synthesis to produce ultra-small PbSe quantum dots in the extreme quantum confinement regime, with diameters of 1~3 nm.
We used a series of QDs with first exciton energies ranging from 1. Nanocrystal synthesis was performed under argon atmosphere using standard air-free Schlenk line techniques. A solution of 223 mg PbO (1 mmol), 0.7 g oleic acid (2.5 mmol), and 10 g ODE was degassed at 100 °C in a 50 mL three-neck flask for an hour under vacuum. The solution was then heated for an additional hour to 150 °C under argon. Before injection of the selenium precursor, the solution temperature was adjusted according to the desired nanocrystal size (see Table S1 of Supporting Information).
When the temperature stabilized, 62 µL (TMS) 2 Se (0.25 mmol) in 4 mL ODE was rapidly injected into the hot solution. Use caution and proper ventilation during this step, as toxic hydrogen selenide gas is also produced. We controlled the nanocrystal size and monodispersity by adjusting the injection temperature (30 °C to 180 °C) and the growth time (60 seconds to 30 minutes). Once complete, the reaction was rapidly quenched by injecting 10 mL of anhydrous hexane and submerging the flask in a room-temperature water bath. The nanocrystals were purified by precipitation twice in hexane/isopropanol and once in hexane/acetone and stored in hexane in an argon-filled glovebox. with fused silica window, and verified with a NREL calibrated Hamamatsu S1787-04 diode.
Supporting Information Available. Additional details of nanocrystal synthesis.
Effect of thiol treatment on photoluminescence. External quantum efficiency measurements. This material is available free of charge via the Internet at http://pubs.acs.org.
